In analog to counterparts widely used in electronic circuits, all optical non-reciprocal devices are basic building blocks for both classical and quantum optical information processing. Approaching the fundamental limit of such devices, where the propagation of a single photon exhibits a good non-reciprocal characteristic, requires an asymmetric strong coupling between a single photon and a matter. Unfortunately it has been not realized yet. Here, we propose and experimentally realize a quantum non-reciprocity device with low optical losses and a high isolation of larger than 14 dB based on the cold atoms. Besides, the non-reciprocal transmission of a quantum qubit and non-reciprocal quantum storage of a true single photon are also realized. All results achieved would be very promising in building up quantum non-reciprocal devices for quantum networks.
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Non-reciprocal devices, such as circulators and isolators used for indispensable components in information processing, no matter in electronic circuits, or in quantum networks, have attracted a lot of attentions. Optical non-reciprocal devices, as for optical-based functional components controlling the flow of light, are crucial for advanced optical communication and quantum information processing [1, 2] . To achieve an optical nonreciprocal device, ones have to break Lorentz reciprocity [3, 4] . Motivated by the desirable applications in on-chip integration system and quantum networks, a variety of methods with distinct physical principles have been proposed to realize optical non-reciprocity. One approach is using the spatio-temporal modulation [5] [6] [7] [8] [9] [10] of the permittivity of nonlinear materials to break time-reversal symmetry. An alternative approach is to use nonlinear processes to construct a nonlinear optical isolation [11] [12] [13] [14] . In addition, many other schemes have been proposed based on various systems, such as opto-mechanical system [15] [16] [17] [18] [19] [20] [21] , atomic system [22] [23] [24] [25] [26] and chiral quantum optics system [2, [27] [28] [29] [30] [31] .
To date, most of reported schemes have been performed with a weak coherent light. However, many practical quantum information processes require a genuine single photon, not a weak coherent pulse, such as linear quantum computation [32] . Hence, the ability of realizing single-photon non-reciprocity is a basic requirement for a quantum network. Nowadays, many feasible schemes have been proposed to realize single photon nonreciprocity [33] [34] [35] [36] [37] , for example, very recently, Liu et at. proposed a possible experimental scheme to implement phase controlled single-photon non-reciprocal transmission based on an one-dimensional waveguide [37] . However, the single photon non-reciprocity has not been realized yet. The experimental realization of a true singlephoton non-reciprocity is always the focus of people's attentions for potential applications in quantum network such as constructing a quantum transistor [38] and quantum router [34] , therefore it is desirable and also a big challenge to experimentally realize non-reciprocity in full quantum regime.
Here, we propose and experimentally realize a scheme to achieve a true single-photon non-reciprocity in a cold atomic ensemble. The underlying physics in our scheme is the asymmetric coupling between a single photon and the specific atomic transition, which results in an asymmetric permittivity and break the Lorentz reciprocity. We use a heralded single photon to demonstrate quantum non-reciprocity with low optical losses and high isolation. Moreover, the proof-of-principle experimental demonstration of non-reciprocal transmission of an arbitrary polarized qubit and non-reciprocal quantum storage of a true single photon are also realized. We believe all results are very promising for non-reciprocal quantum information processing.
In the experimental diagram, a pair of non-classical correlated photons called Stokes and anti-Stokes photon (labeled as S1 and S2) are emitted through spontaneously four-wave mixing (SFWM) [39, 40] process in atomic cloud 1 (the optical depth (OD) is 14), as shown in the top part in Fig.1(a) . Two pump beams called pump 1 (780 nm, Rabi frequency 2π × 0.67 MHz) and pump 2 (795 nm, Rabi frequency 2π × 4.84 MHz) with orthogonal circularly polarization counter-propagate through the atomic cloud 1. The photons S1 and S2 are collected at an angle of 3°with respect to the pump lasers. S1 photon is detected by a single photon counting module, the heralded single photon S2 is collected and then coupled into a single-mode fiber for the demonstration of quantum non-reciprocity. Subsequently, we input S2 photon into the atomic cloud 2 from port 1 and port 2 respectively and study the transmission properties of the corresponding output ports as shown in the bottom part in Fig.1(a) . Upper layer of setup is used to generate a heralded single photon through SFWM process in the cold atomic cloud 1 and the relevant energy level configuration shown in the dashed-line rounded rectangle. ∆ represents the detuning of pump 1, which is set to be 2π × 50 MHz. |1 = 5S 1/2 , F = 2 ,|2 = 5S 1/2 , F = 3 ,|3 = 5P 1/2 , F = 3 and |4 = 5P 3/2 , F = 3 . The lower layer is utilized to demonstrate the quantum non-reciprocity, including a non-reciprocal apparatus for a qubit as depicted in the dashed-line rectangle. (b) The exploited multi-Zeeman sub-levels configuration in the forward-propagation case. Signal field is σ + polarized and coupling laser is σ + polarized that both propagate in the forward direction. The states |g , |s , |e correspond to |1 , |2 , |3 respectively. (c) The multi-Zeeman sub-levels configuration in the backward-propagation case, and signal field is σ − polarized that propagates in the backward direction.
Here, the forward-propagation (backward-propagation) case I (II) is defined as the propagation of S2 photon from port 1 (2) to port 2 (1) while S2 photon co-propagates (counter-propagates) with coupling laser. The marked non-reciprocal apparatus for a qubit (NRAQ) shown in dotted square frame can be considered as a whole setup to realize quantum non-reciprocity, it is actually an optical isolation of a two-port device. The NRAQ mainly consists of the atomic cloud 2, a coupling laser and a pair of beam displacers (BDs). Here, we input the coupling laser into the atomic cloud 2 at an angle of 2.8°with the respect to the propagation direction of signal photon S2. In order to minimize the noise scattering from the coupling laser, we insert two home-made Fabry-Perot (FP) etalons (50% transmittance, 500 MHz bandwidth) for frequency filtering before the single photon detectors. , (c) depict the relevant energy-level configurations in forward-propagation and backward-propagation cases, where the signal (red) and coupling (blue) fields couple corresponding atomic levels respectively. m F is the magnetic quantum number of the atomic hyperfine states and the σ + /σ − polarized signal photon couples the atomic transition ∆m F = +1/ − 1 respectively. We take into account all degenerate Zeeman sublevels in theoretical analysis [41, 42] . In Fig. 1(b) , the five Zeeman transitions for signals (red lines) are all connected with the coupling transitions, which can be treated as an effectively completed Λ-type electromagnetically induced transparency (EIT) system [43] , thereby the atoms initially populated in |g are transparent for the forwardpropagated photons due to the quantum interference effect. By comparison, for backward-propagation case depicted in Fig. 1(c) , the transition of |g, m F = −2 → |e, m F = −3 contributes to the absorption (see Method) which prevents the propagation of photons in backward direction. This renders asymmetric interaction between σ + /σ − polarized photons and atoms, causing the chirality in our system which can be exploited to realize quantum non-reciprocity.
At first, we study the single-photon non-reciprocity, in this case we block one optical path L after signal S2 passes through a BD in Fig.1(a) . The measured single-photon wave packets with a resolution of 1.6 ns for forward-propagation (red line) and backwardpropagation cases (blue line) are depicted in Fig.2(a) respectively. Here, we select a suitable temporal length of S2 photon matching the EIT bandwidth of the atomic cloud 2 to obtain the maximum transmission rate in forward propagation case. The bandwidth of signal 2 is set to be 2π × 1.60 MHz, which can be controlled by the Rabi frequency of pump 2. Moreover, according to Eq.10 given in Method section, we should choose a suitable OD of the atomic cloud 2 and Rabi frequency of coupling laser to obtain high transmission and high isolation simultaneously. The OD of atomic cloud 2 is set to be 19, which is sufficient to prevent signal's propagation in the backward direction. Meanwhile, the Rabi frequency of coupling laser is set to be 2.5Γ (Γ is the decay of level |3 ), satisfying the requirement of high transmission in forward direction.
In the forward propagation case, the transmission rate is estimated to be 92.9%. By contrast, the transmission rate is near zero exhibiting a high isolation in backward propagation case. In addition, we define a contrast η between two propagation cases described by the following formula
where CC fw /CC bw represents the total integral coincidence counts in forward propagation/backward propagation case. The obtained η is 0.96, implying a sharp contrast between two propagation cases, this clearly characterizes a strong non-reciprocity in our scheme. Subsequently, we explore the relation between the transmission and the frequency of signal 2 in two propagation cases. In the forward-propagation case, we obtain a single-photon EIT spectrum via changing the detuning of S2 photon from −2π × 18 ∼ +2π × 22 MHz as depicted in Fig.2(b) . Here, the frequency detuning of S2 photon is achieved by varying the frequency of P2 laser controlled by an acousto-optic modulator (AOM). Accordingly, we observe a single photon transmission spectra as shown in Fig.2(c) in the backward-propagation case. Obviously, a high contrast is available as long as the single photons is resonant with the atomic transition of |g → |e . In Fig.2(d) , we plot the transmissions for forward propagation (red), backward propagation (blue) and the contrast η (purple) as a function of OD. When the OD is close to zero, the transmission becomes symmetric due to the nearly identical transmissions in two propagation cases resulting in the vanish of non-reciprocal behavior. We could increase the isolation rate by increasing OD to obtain a better non-reciprocity.
Next, we characterize the transmission of qubits by inputting four polarization states |H , |V , |R = (|H − i |V ) / √ 2 and |D = (|H + |V ) / √ 2 into our non-reciprocal apparatus. The preparation of an arbitrary polarization qubit state of |ψ = cos θ 2 |H + e iφ sin θ 2 |V could be achieved by adjusting a quarterwave plate (QWP) and a half-wave plate (HWP). Here, θ and φ represent the angle of HWP and QWP respectively. As sketched in Fig.1(a) , the NRAQ is a spatially multiplexed dual-rail geometry constructed by a pair of BDs. We exploit BDs to spatially separate two orthogonal polarization components of qubits which transmit simultaneously in NRAQ. In addition, before signals enter into the atomic cloud 2, we make two components have identical circular polarization σ + for satisfying the non-reciprocity conditions described in the above context. Hence, we insert a HWP on optical path R to convert the polarization of the photon from vertical to horizontal and a common QWP on both optical paths (L and R) to convert the polarization of photon from horizontal to circular. Subsequently, the signals are focused into the centre of atoms by a lens with a focal length of 300 mm. Symmetrically, we recombine two paths into a single spatial mode with the assistance of a QWP, lens, HWP, and BD. Here, a pair of BDs form a long-time and passively-stabilized Mach-Zehnder (M-Z) interferometer and the relative phase between L and R is set to be zero by adjusting the tilt of BDs. In our experiment, we utilize two non-reciprocal processes simultaneously in a single NRAQ to realize non-reciprocal transmission of qubits. Ultimately, a polarization analyzer consisting of a QWP, HWP and PBS is exploited to measure the output state. For forward-propagation case, we characterize the output polarized states by using the quantum state tomography (see Method sections) and the reconstructed ψ density matrices are shown in Fig.3(a-d) . By comparison, we measure the transmission in backward (blue) and forward directions (red) for four polarization qubit states as shown in Fig.3(e-h) . It is obvious that we can observe high contrasts of 0.96, 0.94, 0.93, 0.95 respectively for four polarized states according to Eq.1.
To further quantify the performance of the NRQA, we have defined several parameters such as transmission rate, transmission fidelity for forward propagation case and isolation for backward propagation case. Here, the transmission fidelity F is defined in Method sections, and the transmission rate T fw and isolation I bw are defined as
here, CC in is the coincidence counts of initial input photons. The calculated values of T fw , F and I bw for four polarization qubit states without any noise correction are presented in Table . It is very clear that we realize the high transmission and fidelity of polarization qubits in forward direction and the low transmission in backward direction.
Ultimately, we study the non-reciprocity of single photon storage process in our system. The non-reciprocity light storage has attracted many interests due to potential applications in asymmetric quantum networks, and it was demonstrated in a whispering-gallery-mode optical microresonantor [44] based on Brillouin-scatteringinduced transparency recently by using a coherent light as input.
Here, we demonstrate a quantum nonreciprocal storage of a true single photon based on our non-reciprocity device.
We input single photons in forward and backward directions respectively with a fixed coupling laser. We block one path L of M-Z interferometer as shown in Fig.1(a) . Note that the input signals (blue lines in Fig.4 ) in two propagation cases are the same when we take the overall loss of photons into account. In the forward propagation case, the dark state is formed leading to a high transparency of signal, which is the first step to realize single photon storage based on EIT storage protocol (see Method sections for more details). After we shut off the coupling adaibatically, the single photon is stored in the atomic ensemble. We utilize sequential coupling laser pulses to dynamically write and read the single photon schematically illustrated in the green line of Fig.4(a) . The underlying mechanism in storage process can be considered as the conversion between atomic collective spin excitation and optical mode. After a programmed storage time, we read out the signal and the retrieved component of signal (red part in read out process) is depicted in Fig.4(a) . Here, the OD of the atomic cloud 2 in storage process is set to be 54, and the storage efficiency is close to 9% which is mainly limited by the low OD of atoms in our system. The storage efficiency can be further improved by enlarging the OD of the atomic cloud 2 and by optimizing the input pulse wave packet to match the EIT bandwidth of the atomic cloud 2. For comparison, we try the single photon storage in backward case as shown in Fig.4(b) . It is obvious that we cannot observe a clear retrieved signal, implying a high isolation for backwardpropagation signal. The forbidden storage process arises from the reason that optical modes cannot satisfy the condition of EIT process in backward-propagation. In summary, we propose and experimentally demonstrate quantum non-reciprocity based on cold atomic ensembles. We exploit an asymmetric interaction between single photons and cold atoms to realize the noreciprocity in our experiment. Besides, we realize the non-reciprocal transmission of polarization qubits and non-reciprocal quantum storage of a true single photon, which shows potential applications in quantum information processing. It is an outlook that this non-reciprocity mechanism would be realized by using single resonator enhanced atom [28] initially prepared in a specific Zeeman state like |g −2 in this work or integrated vapor cell [45] , these could give prospective for future integrated quantum information processing.
METHOD SECTIONS
Preparation of a true single photon. We generate heralded single photons through SFWM process in cold 85 Rb atoms trapped in a 2D magneto-optical trap (MOT). The repetition rate of our experiment is 100 Hz and experimental window is 1.3 ms during which the MOT magnetic field is switched off completely. The pumps 1 and 2 are controlled by two AOMs modulated by arbitrary function generators (Tektronix, AFG3252). Two lenses each with a focal length of 500 mm are used to couple the signal fields S1 and S2 emitted from atomic cloud 1. The pumps 1 and 2 are collinear, and hence their respective signal fields are collinear to due to the phase matching condition k p1 − k S1 = k p2 − k S2 in the SFWM process, as in our previous work [46] . The two signal photons are ultimately collected into their respective single-mode fibers and are detected by two single photon detectors (avalanche diode, PerkinElmer SPCM-AQR-16-FC, 60 efficiency, maximum dark count rate of 25/s). The signals from the two detectors are then sent to a time-correlated single photon counting system (TimeHarp 260) to measure their time-correlated function.
Asymmetric interaction between single photons and atoms
The optical properties of atomic system are fundamentally determined by their intrinsic energy-level configuration. In our work, the photons couple with specific atomic transitions, contributing to the directiondependent transparency and absorption, inducing this non-reciprocity. The photons interactions with atoms in forward and backward directions become asymmetrical, the interaction Hamiltonian can be written as follow:
In forward-propagation case, the interaction Hamiltonian H fw int can be described as
here, |g i refer to the Zeeman states of level g, where −F ≤ i ≤ F . The similar definitions are adapted to levels s and e. Ω Furthermore, in backward-propagation case, the interaction Hamiltonian H bw int can be written as
The respective susceptibility χ f w(bw) can be formula as [42] 
here, N is atomic density.
The density matrix ρ gi,ei+1 can be calculated from master equation
Ultimately, susceptibility χ f w(bw) can be written as
We consider an effective OD = N Lk 0 |µ e,g | 2 / (ε 0 γ ge ) , µ e,g is the effective dipole moments. Moreover, we take into account different Clebsch-Gordan coefficients of various transitions between different Zeeman sublevels and the relations between µ e,g and µ ei+1,gi (µ ei−1,gi ) referred to [47] . k 0 is the wave vector, L is the length of atomic cloud, γ gs , γ ge are the mean dephasing rates of atomic transition |g → |s and |g → |e respectively.
We observe a asymmetric permittivity in forward and backward propagation cases, which induces the nonreciprocity in our scheme. The transmission for forward T f w and backward T bw propagation cases can be described by T f w(bw) = e −2Im[(ωp/c)(1+χ f w(bw) /2)]L (10) here, ω p is the frequency of photon, c is the speed of light in vacuum.
Quantum state tomography of qubits. To characterize the output polarization qubit state, we project single photon states onto four bases |H , |V , (|H + i |V ) / √ 2 and (|H + |V ) / √ 2 by a polarization analyzer consisting of a QWP, HWP and PBS. Then, we obtain a set of data for reconstructing the density matrix. The fidelity is calculated by the formula F = Tr( √ ρρ ideal √ ρ) 2 , which compares the reconstructed density matrix ρ with ideal density matrix ρ ideal . Ultimately, we evaluate the standard deviation in our experiment by the Poisson statistics using Monte Carlo simulation with assistance of Mathematica software.
EIT quantum memory. In the forward-propagation case, after propagating through a 200-m optical fiber (corresponding to a time delay of ∼1 µs), S2 photon is focus onto the atomic cloud 2 by using a lens with focus length of 300 mm. We adiabatically switch off the coupling laser, and a stored atomic collective excitation is obtained given by 1/ √ m e ik S ·r i |g 1 · · · |s i · · · |g m [48] , also called as a spin wave. k S = k c − k s2 is the wave vector of atomic spin wave, k c and k s2 are the vectors of coupling and S2 fields, r i denotes the position of the i-th atom in atomic cloud 2. After a programmed storage time, the spin wave is converted back into photonic excitation by switching on the coupling laser again.
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